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Abstract—Mutual interference is a key obstacle in the realistic way of selecting between FD and half-duplex (HD) modes; [8]
adoption of full-duplex (FD) technique in future wireless @llular  employs a heuristic penalty term to render the resource allo
networks. Interference is a much more pressing problem for  .ation interference-aware; [9] proposes to schedule tieesus

FD system than for the conventional half-duplex (HD) system . . .
because FD allows the same time-frequency resource to begeographlcally far apart so as to avoid strong interference

used for both uplink and downlink, thus possibly creating Other existing works, e.g., [10] and [11], focus on the siAgl
myriad interference between multiple transmissions throghout cell scenario, and find the optimal schedule and power gsttin
the network. Without proper interference control, FD may not  ynder some particular conditions.

even outperform HD in a multicell setup. The main objective & - . . .
this paper is to show that coordinated scheduling and power Our paper distinguishes from the prior works with two

control enables wireless cellular networks to reap signifiant @SPects. First, we take a system level perspective by con-
system-level performance improvement due to FD. Toward tili  sidering the maximization of the overall network utility of

end, this paper utilizes fractional programming to derive a the average user rates in the long run, rather than a one-
sequence of convex reformulations that allow distributed ad  gpot objective such as sum of instantaneous rates. Secend, w

efficient iterative optimization. Numerical results suggst that . L .
the proposed system-level interference management can piide treat the problem from a rigorous optimization perspective

30-40% rate gain for an optimized FD multicell network as the proposed algorithm is more reliable and significantly
compared to optimized HD. outperforms the benchmarks.

I. INTRODUCTION

Full-duplex (FD) transmission, whose history can be traced Il. SYSTEM MODEL
back to the early radar system in the 1940s [1], revives inghe
years as a potential technique to raise spectral efficieocy f Consider a wireless multicell network in which the BSs
the future wireless cellular networks. This is due mainlytte and the user terminals are deployed with one transmit aatenn
recent progress in analog and digital echo cancellatiorchvhiand one receive antenna each. Bebe the set of BSs in the
now allows self-interference suppression of up to 110dB [z]etwork; let/C; be the set of users that are associated with BS
A line of recent works [1]-[6] have verified the success of FB The users are scheduled within each cell on a slot-to-slot
technique in nearly doubling spectral efficiency for anased basis in the time domain. At time slot in cell 7, denote the
end-to-end wireless link. index of the user scheduled in uplink agt] and denote the

Real-world wireless systems, however, never consist af jugdex of the user scheduled in downlink dgt]; denote the
a single link. When multiple transmission links are denselyplink transmit power spectral density (PSD) of the schedul
present in the same geographical area, as can often occudsaru; aspi [t] and denote the downlink transmit PSD of the
urban cellular networks, the aggressive exploitation ofeti BS i asp?[t]. For convenience, the total frequency bandwidth
frequency resources in FD would also bring in myriater- is normalized to 1, and the channels are assumed to be flat-
link interference, which can easily negate the benefits fding across the band. The BS-to-BS, the user-to-BS, the BS
using FD. This work aims to show that a careful contrdp-user, and the user-to-user channel strengths are deaste
of interference pattern by coordinating the link scheduldsl’ ,,, G2 ., G5 .., andGY ., respectively where, and
and transmit powers is capable of regaining in part the logsare respectively the receiver and transmitter indicesoen
due to interference. Toward this goal, the paper formulateshe additive white Gaussian background noise PSD levetas
network utility maximization problem involving mixed irger \We assume that only the BSs are capable of transmitting and
optimization (for user scheduling) and nonconvex optiriira  'e€ceiving signals in the same time-frequency resourcekbloc
(for power control), and proceeds to show that this probletd FD mode, but not the user terminals; this is a common
can be transformed to fiactional program to facilitate its assumption in the literature [8], [9], [11].
distributed and efficient solution. The long-term system-level objective is to maximize a

Prior works on interference mitigation for FD are mostlyproportional fairness utility function of the network. Lé’t};'
based on heuristics. For instance, [7] proposes an oppstitun and Rg' be the long-term average rates of userespectively



in the uplink and the downlink. The log-utility objective is
utility =" > log(Ri) +a® > > " log(RY) (1)
i€B kek; i€B kek;

where the factorsx!! and o account for the priorities of
uplink and downlink data streams.

To make the optimization over the user schedules and thel_

PSDs tractable, we optimize the incremental change in log- . . .
P g Ogrogrammlng technique [12] to decouple the denominator and

utility in each time slot, which is approximated as a weighte
sum of instantaneous rates:

Folt] =Y wil (AR [8) + > wi I RE (1), )
i€B i€B
where the weights are determined by
ul di
wilt + 1] = =— and wit + 1] = =— (3)

R[] Rt
i.e., in proportion to the inverse of the uplink and the ddnkal
average rates evaluated for uderup until time . In the
remainder of this paper, we drop the time indefor brevity.
The instantaneous uplink and downlink rafel$ andRg' in

an FD multicell network are computed as follows. For uplink,
introduce a factof < ¢ < 1 as the fraction of residual echo

after self-interference cancellation (e.g.~= 0 in the perfect
cancellation case). The uplink rate is expressed as

bu ul
Gi,uipui

+
G P+ > G
J#i ! J#i

RY =1og |1
w =08 +opf + 02

(4)

straints in the uplink and the downlink, respectively.

The above optimization involves integer variables ¢;) as
well as continuous variablegd, p4); the problem is still non-
convex even when the integer variables are fixed. Therefore,
directly solving such a problem is quite difficult.

I1l. APPROACH
he main idea of our approach is to apply the fractional

numerator of the SINR term. The resulting reformulation is
linear over the integer variables and also concave over the
continuous variables; an efficient optimization then foto

A. Fractional Programming Transform
Our fractional programming approach relies on the follow-
ing two theorems, which are proposed in a previous work [12].

Theorem 1 (Weighted Sum Log-Ratios). Given a nonempty
constraint sef’, as well as weightv;, > 0, numerator function
Ai(x) > 0 and denominator functiol;(x) > 0 for k =
1,..., K, the weighted sum log-ratios problem

éwk log (1 + A’“(x))

Be(x) (7)
(14 7) Ar(x) )
Ak (X) + Bk (X)
(8)

where~y;, is an auxiliary variable introduced for each ratio.

maximize
XEX

is equivalent to

K

maximize Wy,

log(1 —

In the denominator of the uplink signal-to-interferenceFheorem 2 (Weighted Sum Ratios). Given the sameY, wy,
plus-noise ratio (SINR) term in (4), i.e}’; GH pg'j + Ai(x), and Bi(x) as assumed in Theorem 1, the weighted

2%

3 Gop + opt + o2, the first term accounts for thesum ratios problem

uplink signal interference coming from the other scheduled K A

uplink users, the second term accounts for the downlinkadign maximize Z e k(%) (9)
interference coming from all the BSs in the nearby cells, and xex =1 B (x)

the third term gccount§ for self interference. . is equivalent to
In the downlink, the instantaneous data rate is computed as

K
G p! ) > wr (20 Ak(x) — y2Bi(x))  (20)
’ k=1

b d
25 G, Py + Xjs Gag 395 + 0 _ y o .
(5) wherey; is an auxiliary variable introduced for each ratio.
In the denominator of the downlink SINR term in (5), i.e.,
>0 Gl P, + 32, G ! + o®, the first term accounts
for the interference due to the uplink users, while the sdco
term. accounts for the interference due tg the nearby BSs. correspond to the uplink and downlink SINRs in céll
With the system model as characterized above, we CRlLpectively.
formulate a coordi_nz?\ted scheduling and power optimization ypserve thatf,
problem for maximizing the FD network utility as follows:

maximize
xeX,y

RSL = log (1 +

Going back to our problem (6), applying Theorem 1 allows
us to recast the original objective functignto f,. as displayed
fh (11) at the bottom of the next page, wher# and ~9

is a concave function of when the other
variables are held fixed. Thus, by setti¥g f, = 0, we obtain

maximize fo(u,d, pul’ pdl) (6a) the optimal~ explicitly as
subjectto  u;,d; € K; (6b) (78 — G, Ph, (12a)
0 <l < P 6c) i G, P + 2520 G5 + i + 07
b . d
0 < pgl < Prcrjllax (6d) diyx Ggthz 12b
. . (% ) - Z Guu ul Z Gub di ¥ o2 ( )
where PY' and P9 are the maximum transmit PSD con- g T diu;Pu; j#i T di,jPj

max max



We remark that the solutions of can be interpreted as thepredetermined for every usktassociated with B%as follows:

uplink/downlink SINRs in the network.

Further, we decouple the numerator and denominator for thet? = w¥ log(1 + 4%) —
weighted sum ratios of,. by using Theorem 2; the resulting
new objective functionf, is shown in (13) at the bottom of
the page. Then, solving the original problem (6) amounts to

maximizing f, over the primal variable$u, d, p) as well as
the auxiliary variableg+,y). With ~ optimally updated by

wd%ﬂ —|—2y \/wdl 1 +7dl szzpdl

ZGk u]puj ZG%bﬂpgl
J

Note thaté{" can be intuitively interpreted as a utility minus a

(17)

(12) in an iterative fashion, it remains to optimize the restost, with its first three terms being the utility and the last

variables inf;.

B. Joint User Scheduling and Power Control

When all the other variables are fixef], turns out to be a
concave function ofy, so the solution foy can be found in
closed form by solvingvy f, = 0, that is

\/wul 1+,yul)Gbu pqulll
ZG ul+z bedl+ d|+2
iu; Pu; j#i FigPy T PP T O
dI b
B \/w (1+~4 )GP Zpi
3 G P, + X5 G 0 + 0%

To optimize downlink power, we s€¥,a f, = 0 for each
BS i to obtain the optimal downlink transmit PSD

(y")* =

(14a)

(y5")* (14b)

(p)* = min
2
\/w (1+yGw,
Pdl ’ di b | bb |
SUIPGE S WG+ W
J J7F

(15)

The optimal downlink schedule decisiehcan be obtained
by recognizing that thef, expression is of the form

= Z 521 + const (16)

term being the interference cost. The downlink scheduling
decision now amounts to choosing the optimal downlink user
that maximizes the utility-minus-cost value in each ced,,i

d;:{

where @ refers to the decision of not scheduling any user.

A similar set of optimizations can be done in the uplink.
Assuming that usek is scheduled for uplink transmission by
its associated B3, the optimal uplink transmit PSD of user
k is found by solvingd f,/dp¥ = 0 with u; set tok, i.e.,

2

arg max { if max 5 >0
"7 ke { } (18)
a, otherW|se

i (L G,
= min P;’l'dx, 5
G+ 3, (PG,

(P

>
(19)

For the uplink schedule decision, we recognize that fthe
expression is of the form

= ZfﬂL + const
icB
where “const” is a constant term when all the variables
excludingu are held fixed, and the parametgl is evaluated
for every userk associated with B$ as below:

(20)

&' = wiTog(1+1") — will! + 29"y [l (1 + 1) G2
ieB
where “const” refers to a constant term when all the varible = WG =D ()G i (1)
excluding d are held fixed, and the parametf:}j‘ can be J J
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Similar to the downlink case, this uplink scheduling partene
also has a utility-minus-cost interpretation. The optinnalink !

schedule decision can be determined in a distributed fash 0.9t

across all the cells as follows: o8l
a ax & if max {€Wl >0

e e & if max {&'} 22) 07

@, otherwise 06

Combining the above optimization steps gives rise to tt
following coordinated algorithm:

0.4

Cumulative distribution
o
(4,

—*— HD baseline
—6— HD coordinated

—+— FD baseline (110dB echo cancellation)
—+— FD coordinated (110dB echo cancellation)
—<+— FD baseline (perfect cancellation)

0.3

Algorithm 1 User scheduling and power control for FD

0.2

Initialization: Initialize all the variables to feasible values $if
01F

repeat FD coordinated (perfect cancellation)
1) Updatey" and~" by (12); . " . : = )
2) Updatey"' andy® by (14); Data rate (Mbps)

3) Updatep? by (15) and thend by (18);
4) Updatep" by (19) and them by (22);
until Convergence

Fi

g. 1: Cumulative distribution of uplink user rates: FD v®H

Algorithm 1 is guaranteed to converge, with the sur
weighted rate objective, nondecreasing after each iteration
In particular, for fixedu and d, the final p"' and p9 after
convergence are locally optimal in terms @f. Unlike the
heuristics in [7]—-[9], our proposed algorithm does not liegu
parameter tuning and therefore is easier to implement.
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IV. SIMULATION RESULTS

—#— HD baseline
—©6— HD coordinated
—+— FD baseline (110dB echo cancellation)
—+— FD coordinated (110dB echo cancellation)
—<+— FD baseline (perfect cancellation)

FD coordinated (perfect cancellation)

Cumulative distribution

We now illustrate the effectiveness of the proposed ¢
gorithm. Consider a cellular topology of 7 wrapped-arour
hexagonal cells, with one pico-BS located at the centre cif ec
cell. The BS-to-BS distance is 0.4km. The same 40MHz-wic
frequency ba_nd is fuII_y u_sed in every cell. There are a tofal > 4 5 3 10 1o
105 users uniformly distributed within the network. Eveseu Data rate (Mbps)
is associated with the BS with the strongest channel. Fatigw _. L _

. . Fig. 2: Cumulative distribution of downlink user rates: FB MD.
[1], we set the maximum transmit PSD to be -55dBm/Hz g

for both the pico-BSs and the users (corresponding to a

maximum transmit power of 21dBm), and set the backgrourdmpared to the baselines. Observe that the performance of
noise PSD to be -176dBm/Hz. The channel path-loss moggl Fp paseline is in fact worse than HD baseline, illustgti
is 128.1 + 37.6log,(d) + 7 (in dB), whered (in km) refers he fact that due to the excessive interference FD may even be
to the distance between the two terminals of the channel, agtm¢u| as compared to HD with no interference management.
7 is & Gaussian random variable with 8dB standard deviatige proposed coordinated algorithm significantly improves
accounting for shadowing. Equal priorities are assigneiti¢o he yser throughput for both HD and FD baselines, but the
uplink and the downlink utilities witt*! = o' = 1. improvement is much more significant for FD.
The following methods serve as benchmarks: The figure also shows the case with perfect self-interfexrenc
+ FD baseline: Users are scheduled by a round-robin policgancellation. Some further gain is observed but the perfor-
in both uplink and downlink; all the terminals transmit ainance improvement of FD as compared to HD does not
maximum PSD. approach a factor of 2 even with perfect cancellation.
o HD basdline FDD mode is adOpted with equal amount of F|g 3 compares the network |Og-ut|||ty of FD and HD
bandwidth for uplink and downlink; users are schedulesthemes with or without coordinated optimization as flori
by a round-robin policy in both uplink and downlink; allof self-interference reduction capability of FD. It is shothat
the terminals transmit at maximum PSD. the proposed FD coordinated scheme can provide utility ben-
Fig. 1 and 2 shows the cumulative distribution of thefits even with modest echo cancellation capability of 100dB
uplink and downlink user rates achieved with coordinatest uswhile the FD baseline performs no better than the HD even
scheduling and power optimization for both HD and FD andt perfect cancellation, because of the inter-link intenfiee
with either perfect echo cancellation or 110dB canceligtas induced by FD. These results indicate that interferencérobn
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Fig. 3: Network utility of FD vs HD at varying cancellationviels.
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Fig. 4: Proportion of links selecting FD in Algorithm 1.
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Fig. 5: Convergence of overall network throughput by Algan 1.

to reformulate the original problem in a form where the imteg
and continuous variables can be efficiently optimized intan i
erative fashion. The results of this paper show that interfee
management is crucial in an FD cellular network; with proper
interference management, FD can improve user throughput of
a multicell network by about 30-40% as compared to HD.
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